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I. Introduction

The objective of this research project was to investigate the col-

lisional dynamics associated with gas phase collisions of the negative ion

of uranium hexafluoride, UF6, with various atomic and molecular targets.

The collisional energy range which was emphasized ranged from a few electron

volts up to a (laboratory) energy in the vicinity of 1 keV. Thus, the

energy range corresponds to the kinetic energies associated with ions

typically found in an ion source. A secondary objective of this project

was to study the process of surface anion formation, i.e., the mechanism

whereby UF6 , after colliding with a hot surface, desorbs from the surface

as a negative ion, UF Both of these objectives were completed during

the grant period.

These two objectives are somewhat distinct and it is perhaps useful

to discuss them separately. In what follows we will first discuss the various

mechanisms of collisional decomposition observed for UF6 ions, followed by a

discussion of the surface electron attachment process in which the UF ion is6
created. The former aspect of the research effort has been published and

that publication is attached to this report. The latter aspect has not yet

been published.

==WWInnmmm
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II. Collisional Decomposition of UF6

We have measured absolute total cross sections for the following

processes:

UF + M - UF + F + M (la)
6 5

- UF + F + M (ib)
5

UF 6 + e + M (1c)

where M = Ne, Ar, Kr, Xe, N2, SF6 . The energy range for the experiments is

from below the threshold for any of (1) up to around 0.5 keV. The experi-

mental results and theoretical analyses for the rare gas targets, along with

an extensive discussion of the experimental method, have been recently pub-

lished in The Journal of Chemical Physics [J. Chem. Phys. 74, 2845 (1981)].

A reprint of this article is attached to this report as Appendix A. The

salient features of the article are summarized below:

1. The collisional detachment cross section (lc) remains small for all the

energies investigated, never exceding 1 2. This was completely unex-

pected as collisional detachment is usually the dominant inelastic

process in collisions of negative ions with atoms or molecules.

2. On the other hand, the cross section for the production of F- (la) is

large with a value of about 25 R2 for the largest target (Xe) and

Iecreasing somewhat for the lighter targets. These results indicate

that it may be feasible to use such strip pinz or decomposition channels

for the generation of farily concentrated neutral beams of heavy

-articles.
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3. Cross section measurements in the near-threshold region (i.e., low
collision energies) indicate that the pre-collision UF6 ion may be

created with an average internal energy which is in excess of that

predicted if it is in thermodynamic equilibrium with the surface

from whence it desorbs. This will be discussed in some detail later.

4. A model which uses a statistical theory of unimolecular decomposition

was applied with considerable success, to the collisional decomposition

of UF6 The observed branching ratios for the exit channels in Eqs.

(1) and their dependence upon energy were in remarkable accord with

this statistical description.

The experiments described in Appendix A were extended to include

the molecular targets, N2 and SF6 to see if there were substantive differences

for the collisional decomposition of UF6 by molecular targets, as compared

to atomic targets. The results for these two molecular targets are given in

Fig. 1. At the highest relative collision energies available, the SF6 target

rrovides the largest decomposition cross sections observed. However, for

ST,, the branching ratio for collisional detachment at the highest collision

energies is smaller than for any other target investigated, namely 1.6% of

that for production. In all other aspects, however, the results are

rather similar to those observed for rare gas targets. In particular, the

near-threshold behavior for (lc) and (la) is almost identical to that

;bserved with the rare gas targ7ets.

The conclusion from these experiments is that the target serves

merely as a spectator in the collisional excitation of UF,. Although0

larzer targets provide a larger cross section for excitation of the negative

ion, the subsequent decomposition of the excited negative ion is governed by
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statistical arguments which are independent of which target provided the

collisional excitation. When the experimental cross sections are displayed

in the center-of-mass coordinate system (as in all the figures contained

herein), the cross sections exhibit almost identical behavior.
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III. !on Source Development and the Role of

internal Energy in Collisional Decomposition

The original ion source which was used in all of the previously

discussed experiments employed a Platinum filament at 12300 K in a background

gas of acetylene (C H ) to produce the UF ion beam. The acetylene pre-
2p2 6

sumably rendered the surface "carbon-like" which was necessary to provide

an inert surface upon which chemical decomposition of UF6 was slow when

compared to the residency time of the molecule on the surface. Thus, the

UF 6 survives on such a surface and since the electron affinity of UF6 is

larger than the work function of this carbon-like surface, the UF6 desorbs

as an anion, UF.. This arrangement was, however, not satisfactory for0

studying the detailed effects of surface temperature upon (i) the anion

desorption efficiency and (ii) the effects of surface temperature (and

hence the internal energy of the primary UF 6 ion) upon the various decompo-

sition cross sections.

Consequently, a filament of pure carbon was substituted for the

platinum-C H arrangement. This new filament was constructed from a piece
-~ 2

of exfoliated graphite (from Union Carbide Corp., under the trade name of

"'rafoil") which was 0.005" thick and about 0.25" wide. A filament con-

srrcted of such material was found to be;..ite i:tiie, very easy to work

with aand exhibited no embrittlement after extensive heating and simultaneous

exposure to '?6 vapor. More importantly, however, such a filament is lon4-

lived, and provided an ncener:etic and copious beam of UF6 ions for a w ide

range Df filament temperature.



Experiments at various filament temperatures were performed after

an initial determination of the filament current vs. temperature curves for

the "Grafoil" filament described above. This calibration was made with the

filament in situ, i.e., located directly in the ion source mounting. This

was done to avoid any effects due to geometry, clamping pressure or mounting

hardware. Such a calibration curve is exhibited in Fig. 2.

The ion source which contained the carbon filament produced stable

and intense UF6 ion beams with the filament operating over the temperature

range from 225 C up to 15h00C. In order to investigate the possible role that

internal energy plays in the collisional decomposition of UF6, the cross

section for F- production (la) was measured using ion beams which originated

from surfaces of varying temperature. The surface temperature range which

-as investigated ranged from 2250 C to 15h00 C and the target species was

argon. The results of these experiments are seen in Fig. 3. Qualitatively,

the results are reasonable- increasing the average internal energy of the

primary ion beam increases the decomposition cross section. The magnitude

of the increase is substantial in the near-threshold region but amounts :rnly

to about 10" for the temperature extremes in the high ener2J (asymptotic'

region.

It is of interest to examine the near-threshcld region of Fig. 3

in more detail. Figure 4 illustrates this re.-ion with a plot of the square

root of the cross section exhibited as a function of the relative collision

energy (similar to Fiz. 7, Appendix A). The fiinre shows the resulting

cross section measurements for two filament temperatures, 301 a"nd 13200C.

The curve for the lower temperature is seen to be shifted approximately

e ll (to higher collision energies) with respect to the results obser-ed
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with the higher temperature filament. This shift of approximately 1 eV is

the same as the anticipated change in the average internal energy of the

desorbing UF6 ions if they desorb in thermodynamic equilibrium with the

filament, viz., U. 15 kT (see Eq. (3) App. A) and
internal

AU internal c: 15 kAT = 1.2 eV for AT 1000°0 C.

The low temperature threshold results continue to indicate an

onset in the neighborhood of 2 eV or less. This low threshold for decompo-

sition is incompatible with the generally accepted thermodynamics for UF 6

,as given in Fig. 1, Appendix A). As mentioned earlier (in App. A) the

effects of collisional broadening are small and, for the results of Fig. 4,

any U F6 excitation within the ion source has been minimized by operating the

source at a very low pressure. Hence, the reason for the apparently low

threshold for F production is yet to be understood.

L w~ = w .. .. .- m~ _mmmmmmm |i
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IV. Conclusion

The ease with which UF6 can be formed on a carbon filament (in6
particular, "Grafoil") of moderate temperature suggests that such an arrange-

ment could be used efficiently as an ion source to generate intense beams of

heavy negative ions. Applications which might utilize such ion beams include

those of uranium isotope separation (using superconducting magnets, for example)

and the generation of high energy, heavy neutral particle beams. The latter

would require that the ion beam be neutralized at perhaps MeV kinetic energies

where, presumably, the detachment cross section is considerably larger than

it was found to be in our lower energy experiments.

If such ion source development is pursued, our absolute cross section

measurements discussed herein will provide a starting point from which detailed

design considerations and modeling may begin. This is due to the fact that

typical kine!iz energies found in ion sources include that range investigated

in this study.

Several questions remain, however, before any serious considerations

for ion source development could be launched. First, the question of "loading"

the carbon filament with too much UF6 (so that the anion conversion efficiency

becomes substantially less than unity) has not been investi.7ated. Secondly, to

our knowledge, the various decomposition cross sections have not been measured

at high collision energies. Both of these problems were outside the scope of

our research objectives and program.
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V. Personnel Associated with Research Effort

The following personnel have been associated with the research

effort at William and Mary during the period July 1, 1980 - June 30, 1981:

*
S. E. Hayvood 2 Woman-months

*
M. Doverspike h Man-months

*
M. S. Huq 10 Man-months

R. L. Champion 3 Man-months

L. D. Doverspike 2 Man-months

Graduate Student.

VI. Appendix

The following manuscript contains the details of a portion of the

work performed during the grant period.
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Absolute crm sections for the collinosal decomposition of UF; 11to it three Iow" ASymptIc Chanel. i
collisios with the rare gaes have been memured for collision aerie ngng fram below the threshold for
decomposition up to a laboatory collision energy of 500 eV. The product velocity spectra have also been
measured for one of the decomposition channels at the highest collisio energy. The expermenta rMulMs are
found to be cosistent with the predictions of a two.tep collision model where the uninolecular
decompostion of excited UF; ions is described in a statiical framework.

I. INTRODUCTION where X is Ne, Ar, Kr. and Xe. The collision energies

Because of interests ranging from the separation of range from below the threshold for each channel [except

uranium isotopes to the production of electronless pas - l(c)] up to 500 eV laboratory energy. The thresholds

mas, uranium hexafluoride, UFO, has been studied ex- for channels (la) and (ib) have been determined. The

tensively both experimentally and theoretically. --2 experiments are carried out in an ion-beam, gas target

There is now substantial evidence from surface Ionza- apparatus. In addition, time -of-flight velocity spectra

tion, 1 ion cyclotron resonance, 
2 and ion -neutral beam for channel (ib), taken at the upper end of the energy

experiments*
4 to establish that uranium hexafluoride range, are also presented. The experimental observa-

has a large electron affinity. The studies to date are tions are analyzed in terms of a two-step statistical
consistent with a lower limit of - 5 eV for the electron model which employs the basic formulation of Kots. 4

affinity of UF,. It is likely that molecules with such In Sec. If a discussion of the experimental procedures
large electron affinities possess a number of electroni- is presented. Section In contains the experimental re-
cally excited bound states of the molecular negative ion. sults, and finally, the model used in the analysis of the
Recent calculations suggest the existence of such excited data is presented and applied to the experimental re-
states for UF which lie within 3 eV of the 2A. ground suits in Sec. IV.

state. 9.ie

Experiments' involving the collisional excitation of 11. EXPERIMENTAL METHODS
UF; by rare gas and hexafluoride targets show that sub- The experiments were performed using two different
stantlal amounts of excitation energy can reside in the types of apparatuses. One, in which total cross-section
negative ion, although the experiments do not reveal how measurements were made, is located at the College
this energy is distributed among the electronic, vibra-
tional, and rotational degrees of freedom of UF-.

Very little information is available on how UFj de- F.UF 3 +F F / g9.o
composes In collisions with gaseous targets. Clearly
when a complicated molecular ion such as UF; collides F.UF4 .F' a8.9
with an atom or molecule at collision energies in excess a
of a few tens of electron volts, many ways of breaking F.UF5 . e 3
up UF; become energetically possible. Figure I con- 525
tains an energy level diagram of some of the lowest lying UF. • /
decomposition channels.

The purpose of this paper is to report on recent mea- 47*3

surementsts of the absolute total cross sections for the F 4.3t.5
decomposition channels

-UF,+e'+X (Ia)

UFj; X - UFg, F- X (1b)

- UF; F+ X (lc) UFj "  0

FIG. 1. Energ level diagram for the lowest dsoompoeltion
10Pre..t address: Department of Physics, Duke University, channels of UF . The values are in electron volts and were

Durham, NC 27706. obtained from Refs. 2 and 3.

J. Che. Phy, 74(51, 1 Mar. 1 91 0021-4MS /0112U454M I.00 0 191 American ihtitu of PIaysiss 2W
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of William and Mary and the other, in which the velocity
spectra of the reaction products were obtained, is a
time-of-flight apparatus located at Oak Ridge National A I

Laboratory. One aspect of these experiments which is " I
common to both apparatuses is the UF; ion source. U% .. II
Consequently, we will first discuss the characteristics
of this ion source and follow with a brief description of
the separate apparatuses.

A. In some

C
The design of the UF source is based upon recent ex-

periments of Dlttner and Data1 in which they observed FIG. 2. Schematic digram of the collision chamber region.
that UFO desorbed from a hot filament as a negative ion Grids labeled II, UI are 95% transparent. By using grids
with a conversion factor (i.e., the ratio of the negative II and InI to provide retarding electrostatic fields and by apply-
ion flux desorbing from the filament to the neutral flux ing either an axial (B.) or transverse (B) magnetic field, the
which is incident upon the filament) which approached three decomposition channels in Eq. (1) can be identified.
unity. Moreover, this conversion factor was observed
to remain near unity over a wide temperature range,
500 < T 2000*K. This phenomenon is reasonable be- separate and measure the absolute total cross section
cause the electron affinity of UF, (about 5. 1 eV) is for the three distinct reaction channels which are given
greater than the work function of the filament material. in Eq. (1).
Thus, "surface attachment" for UF 0 molecules is an The collisional detachment (la) is measured by apply-
exoergic process. One further and crucial constraint ing an axial (i.e., along the beam axis) magnetic field
is necessary, however, in order to achieve the unit con- of several gauss along with a small electrostatic field
version efficiency just mentioned. The surface of the between grids I and II (see Fig. 2) to serve as an elec -
filament must be such that the UFO molecules are not tron trap. All detached electrons must eventually be
lost due to competing processes which may occur on the collected by the element A. The heavy F- ions from
surface, such as UFO - UF, + F, etc. A suitable "inert" Reaction (lb) will not be affected by the axial magnetic
surface was effected by using a platinum filament in a field, and some of those ions also arrive at element A.
background gas of CHz (acetylene).' The surface is In order to separate the electron current from the F"
presumably carbon-like, current, the magnetic field is rotated 900. This will

The ion sources employed in the present experiments not affect the trajectories of the heavy negatively charged

used a platinum filament at a temperature of about 1230OK paricles but will prevent any electrons from reaching
(as determined by an optical pyrometer) and a roughly element A. Thus, the total electron current and hence

equal mixture of CzHl and UFO in the source chamber, the total detachment cross section can be ascertained.

Negative ion beams produced with this arrangement are The initial UF beam current, the scattering path length,
both stable and intense. The total pressure within the and the number density of scattering centers are known,
ion source was not measured directly but is estimated and the cross section is unambiguously determined with

to be in the neighborhood of about 10 p. This estimate an uncertainty estimated to be no more than 10%.
is based upon pressure measurements of the gas inlet In order to discuss the measurement for channels (lb)
tube on the upstream side of the actual source chamber, and (1c), it is useful to assume that the dynamics of the
Because of the relatively high pressure within the collision-induced-dissociation (CID) channels [Reactions
source, some of the extracted UF; ions may undergo (b) and (c) abovel can be qualitatively described by a
inelastic collisions with the source gas before they two-step process:
reach the region of high vacuum (10- Torr) which is
external to the ion source. The possible manifestations UF;+ X -(UF;)*+ X
of such "collisional pumping" will be discussed after the UF,+F"
experimental results are presented..L

LUF;+F ,(2)
IL Total woosei uppftn where the asterisk implies that (UFln)* has been collt-

The apparatus used to measure the various absolute sionally excited and contains sufficient internal energy

total cross sections for Reactions (1) is only slightly so that the dissociation is energetically possible. The

modified from the one used in previous negative ion stud- products of CD then have roughly the same velocity in

ies and is discussed In detail elsewhere. is the laboratory reference frame but quite different kinetic
energies. It is this latter feature which allows one to

After the negative ion beam is extracted from the sur- separate channels (lb) and (Ic). 11 For example, if the
face attachment ion source described above, it is accel- laboratory energy of the projectile UF; is E,(eV). then
orated and passes through a Wein filter and is subes- the laboratory kinetic energy for F- resulting from CIM
quently focused into the collision chamber which contains will be about E,/I7. Consequently, if the voltage on
the target gas; a schematic diagram of this chamber is grid I (see Fig. 2) is, say Fl/ (volts), then all of the
given in Fig. 2. By varying electrostatic and magnetic F which is due to CID will be reflected by that electric
fields within this collision chamber, It is possible to field and collected on elements A and B. The r, Rult of

J. Chem. Phw., Vol. 74, No. 5. 1 Ma I11
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the scattering gas is admitted to the chamber. The
dashed line is constructed to be parallel to the upper
curve and corresponds to the hypothesis that the cross
section for producing UFj is zero. The difference be-
tween this hypothetical curve and the bottom curve yields

-the cross section for the UFj channel.

The laboratory energy of the primary ion beam is de -
termined by a retardation analysis similar to that shown
in Fig. 3(b) with no target gas in the chamber. The

4 scattering chamber is housed in a differentially pumped

-- - (b section which is well isolated from the ion source re-
gion. This arrangement minimizes UF 6 intrusion into
the collision chamber, and no appreciable error owing

16(-5) \ to contact potentials should be present. The laboratory
energy should be accurate to within 0.25 eV which trans-
lates into a very small error in the relative collision
energy (i.e., the energy in the center-of-mass coordi-
nate system) for the reactants studied.

240 2E,, _ 80 Time-of-fllt ppaatus
Vretord (V

FIG. 3. (a) Retardati m -naiysis for F-; the ordinate gives the The time-of-flight study was carried out on an appara-
current to elemnts A . B as a function of a retarding voltage tus which, apart from the installation of a carbon-coated
applied to grids di and iII for the Xe target and a laboratory filament as described above, was identical to that used
energy El of 40 eV. The arrow at V-E 1/17 is the mean for CI" collision studies and has been described in detail
energy tin electron volts) for F- expected from simple CID elsewhere. 17 In the present experiment a chopped UF;
considerations. (b) Retardation analysis for UF5. The ordi- beam with a laboratory energy of 500 eV was directed
nate gives the current to element C as a function of the retard-
ing voltage for the Ar target with E1 = 278 eV. The arrow at

V 16 (E1 - 5)17 is the mean energy (in electron volts) for ticles produced in the UFP-rare gas collisions traversed
U F; expected from simple CID considerations and an endother- a I m path and were detected by a channeltron electron
micity of 5 eV in the original excitation process. The upper- multiplier. The angular resolution of the apparatus was
most curve is a retardation plot for U F with no target gas In approximately 0.2 and the angular range * 3. 5* could be
the collision chamber, scanned. The velocity spectra and energy-loss spectra

for the scattered products were determined by measur-
ing the time delays (referenced to the centroid of thea "rtaratin anlyss" s shwn n Fg. 3a).Theob- primary UF distribution) for the scattered products.

servation of a plateau region clearly indicates that the

reflection of the F- ions is complete. Thus, the CID
cross section for (lb) may be determined. The cross Ill. RESULTS
section for (1c) may also be measured in a similar
fashion by varying the retardation voltage and observing A. Electron detachment cm sections
the current which is transmitted through the retarding The absolute electron detachment cross sections for
grids and collected on element C. collisions of UF; with the rare gases Ne, Ar, Kr, and

It is clear that the measurements can not unambigu- Xe have been measured from threshold to a laboratory

ously identify and separate the various heavy (charged) energy of 500 eV and the results are presented in Fig.
reaction products. Moreover, the simple two-step mod- 4. All the cross sections have the same general shape;

el which is used to discuss the kinematics of CID Is
probably overly simplistic. Nevertheless, any plausible 4 ........ ..

modification of this model would not result in any sub-
stantial alteration in the kinematics of CID. Based upon A

the assumption that (lb) and (Ic) are the sole products 0
of CID, then the measurements for (lb) and (1c) should ' a 1
be accurate to within 10% and 30%, respectively. The 2 A

larger error for (1c) is due to the fact that the larger ba
retarding voltages, which are necessary to separate a
(Ic) from elastic scattering (or the primary ion beam). At os •
cause a substantial defocusing of the ion beam which in
turn makes the identification of "breaks" in the retarda- C 20 40 60 80 1O0 120 140
tion analysis difficult to measure. Such a retardation Erej (sV)

is seen in Fig. 3(b). The uppermost curve in Fig. 3(b) FIG. 4. Absolute total detachment arosa section for U F' plus
is a plot of the current transmitted through the collision rare asse an a function of the relative collision energy: A Xej
chamber without scattering gas as a function of the re oKri x Arl 0 No. The cross sections are in atomic units,.,
tarding voltage. The bottom curve is for the case where -0. 5sx 1o08 am.
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FIG. 5. Absolute total cross section for CID of UF; by the I I I LO I I I II
rare gases as a function of the relative collision energy: A Xe; 2 4 6 8 10 12
o Kr; x Ar; *Ne. Ere(MeV)

FIG. 7. Threshold behavior of o(F-) and the detachment cross
section. The square root of the cross sections are plotted as

each shows a threshold in the vicinity of 5 eV (their a function of the relative collision energy. (F'): a Xe; o Kr;
threshold behavior will be discussed in detail later), x Ar. ONe. Detachment: A Xe; o Kr; e Ar. The square root
then rises to a local maximum at a relative collisional of the detachment cross section has been multiplied by two for
energy around 15 eV. Above 15 eV the cross sections display purposes.
decrease, and each (except for Ne) possesses a local
minimum near 30 eV. Afterwards they increase mono- in Fig. 5 while the ratio (UF)/(F), rather than
tonically with increasing collision energy. The low en- an(UFS), ig shown in Fig. 6. An interesting feature in
ergy maximum in the cross section becomes more pro- Fig. 6, is that the ratio cr(UFs-)/a(F-) is independent of
nounced as the target mass increases, being almost in- the target and is an approximately universal function of
discernable in the case of Ne. the relative collision energy. Channel (lb), although

This particular structure in the detachment cross sec- more endoergic than (1c), is clearly the dominant pro-
tion near threshold which is essentially independent of cess at elevated energies with (1c) becoming relatively
the target species is not understood at present. It should important only in the threshold region. The data in Fig.

be noted that the detachment cross sections are remark- 5 show that a(F-) rises rapidly from a threshold in the
ably small even at relative energies of 100 eV. vicinity of 2.5 eV then reaches a plateau for E,. - 20-

25 eV. The cross sections also systematically increase
B. Dhsecit dionm with the mass of the target atom. These results show

Absolute cross sections for the dissociation channels that electron detachment Is a minor contributor to the

0b) and (1) were determined for the rare gas targets collisional destruction of UF; in the energy range inves-

and same range of collision energy as for detachment. tigated.

Cross sections for the product F', o(F'), are presented Q Thredmld mesuna w
The threshold region for Reaction (1b) was studied in

1.0 detail for all the rare gas targets. Experimental limita-

tions discussed earlier prevented similar measurements

0.8 on channel (Ic), while the smallness of the detachment
! cross sections limited the accuracy of threshold studies

for this channel.

0.6 An expended view of the measurements in the threshold
, region for channels (Ia) and (lb) is shown in Fig. 7. For

o both channels the square roots of the cross sections are

04- oneplotted versus relative collision energy, and it Is clear
the plots are quite linear over the range of energies

0.0. •o shown. A linear extrapolation of (O(F')'/t to sero cross

02 section indicates that the threshold for channel (Ib) Is
A •approximately 2 eV for all targets, and the same proce-

dure for the detachment channel (I&) is consistent with a
0 20 4 threshold in the vicinity of 4-5 eV.

End bV) The observed threshold for process (Ib) is consider-

FIG.. Branching ratio for the two CID chamis, where A ably below the currently accepted value of 4.7 eV shown
*(UFp/aifl, ass a uretion o the relative coiisen metag: in Fig. 1. There ae several reasons for expecting the
A XO 0 Kr; x Arl 0 No. threshold determined in the present experiments to be
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lower. To begin with, the UF; is produced by desorp- 15 10 5 0
tion from a hot filament and therefore will possess a -O(ev). I I I I
significant amount of internal energy if it is in thermal
equilibrium with the filament before desorption. AlL the
data shown in this paper were taken at a filament tem- !
perature of 1230*K as determined by an optical pyrome-
ter. Assuming the UFi is in thermal equilibrium with I

the filament at temperature T, it then follows that the S
mean internal energy of the desorbed ions is

(3 ex__hv,/kT - 1)___3)_.___"
Time of Flight

where the first term is the rotational contribution and FIG. 8. Time-of-flight spectrum of UF5 produced by UF, in
the second is the energy in vibration. Using the esti- Ar for a laboratory energy of 500 eV and a laboratory scatter-
mates of Compton3 for the vibrational frequencies v,  Ing angle of 1. 5. Solid curve is UF6 and the dashed curve is
of UFG, Eq. (3) gives U= 1. 5 eV at a temperature of the primary beam UF; profile. Also shown is the endother-
1230K. Assuming that UF- contains this amount of in- micity - Q for this process, determined by assuming that the
ternal excitation, one still needs an additional 1. 2 eV CU) can be described by a two-step model. See the textfor dis-
in the form of internal excitation to explain the observed cussion of the two-step model.
threshold for (1b). The experimental data have been
corrected for thermal" and apparatus broadening by em- 0 :3.5. The particle detector in the time-of-flight ap-
ploying a numerical deconvolution scheme used in the
analysis of previous threshold measurements's of colli- paratos would only detect UF1 from channel (la) or UFfrom channel (ib). The F from channel (lc) would be
sional detachment cross sections. The effect of remov-ing the broadening from the present data is quite small, detected with a much lower efficiency because of its low
The thresholds would be lowered by only about 0.1 eV laboratory kinetic energy (approximately 30 eV). Sinceand, threfholdswouldbelowere, co oly heut 1. eV efuthe total cross section for detachment is only a few per-and, therefore, cannot account for the 1. 2 eV . O ne fur - ce t o th tf r C , he n u al im - -l g t T Fcent of that for CID, the neutral time-of-flight (TOF')
ther source of broadening is due to the width of the dis- spectra essentially reflect the velocity spectra for chan-
tribution of excited states for the desorbing UFO ion. nel (lb). An example for the Ar target is shown in Fig.
This width can be on the order of U and hence may 8 for a laboratory scattering angle of I. 5% The scale
account for the rather low threshold observed in Fig. 7. at the top of the graph gives the endothermicity Q, cal-
An additional mechanism for producing UF; ions with culated from the observed delay time for the UF6 mole-U > 9 is the "collisional pumping" of UF- as it is ex-

icules, and is based upon the assumption of the two-step
tracted from the surface source. The extraction elec- model:
trode extends approximately 2 cm inside the source
chamber and is normally maintained at + 100 V with re- UF;+Ar-UF* +Ar+Q ,
spect to the filament and source chamber. With the UFG*-UFs+F" (4)
present arrangement the source gas pressure is roughly
the same throughout this region; the pressure, although where in the second step the CID products separate from
not measured directly in the source, is probably high each other with negligible relative velocity and have a
enough to make collisions between the extracted Uri negligible postexcitation Interaction with the neutral tar-
and UFO likely in the extraction region. Recent studies get atom.
by Annis and Stockdale ts show that when UF is scattered If the CI products separate with nonzero momenta in
by various targets (including UFO), (UFS)* ions with sev- an isotropic manner, then the net effect will generally be
eral electron volts of internal energy and lifetimes Z 45 to broaden the velocity spectrum rather than to shift its
psec are produced. Since the transit time in the present centroid an appreciable amount. Hence, the centroid of
experiments is - 10 psec, these collisionally excited UF; the distribution in Fig. 8 that yields Q -5 eV should be
ions are in the ion beam and are probably responsible for the endothermicity of the first step of CID if the asump-
the low threshold observed. As can be seen in Fig. 7, tions of the two-step model are compatible with the re-
the threshold for detachment is found to be several elec - ality of the collisional dynamics.
tron volts higher than that for F- produced via CM, al-
though the asymptotic states for the two channels are If Q' -5 eV, then the internal energy U of (UF)* for
separated by only 0.5 eV. It will be shown later that those molecular ions which ultimately decompose to UF$
this observation i compatible with the prediction of a + F" is the sum of the internal energy prior to the colli-
statistical model; that is the lifetime for detachment of slion and the 5 eV transferred by the collision. If the
(UF-)* is greater than the transit time within the colli- original internal energy of the UF; projectile is about
sin chamber (- 1 psec) for low relative collision ener- 2 eV (as indicated by the threshold behavior of the total
glen, in contrast to the prediction for CID. CM cross section), then it follows that U, 7 eV for Re-

action (lb) to occur. This result is compatible with the
D. Vdofty seW internal energy necessary to produce the observed CM

Velocity spectra of the energetic neutral products of branching ratio as predicted by the statistical theory to be
collisionat decomposition were measured at a labora- discussed later. The velocity spectra taken with other

* tory energy of 500 eV for laboratory scattering angles targets are essentially the same as that shown in Fig.
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8. The observed Q's are also approximately indepen- the symmetry numbers of UF- and the product spherical
dent of scattering angle, and only a broadening of the top. The density of vibrational states of a polyatomic
velocity spectrum is observed with increasing scatter- molecule can be approximated accurately by the method
ing angle, of Whitten and Rabinowitchlo for E - co:

IV. THEORETICAL TREATMENT PVb(f)=[(E+EO'1/[(s -1) I h.,]

We shall again assume that the collision-induced dis-
sociation of UF; can be approximated by the following where 4 = energy above the zero-point level, 0o = zero-
two-step process: point energy, s = number of vibrational degrees of free-

dom, and v, = vibrational frequencies. Because p,ib is
UF;+ X-(UF;)*+ X , such a strong function of energy, excited electronic
(UF;)* -products states of UF; and products need not be considered in

our analysis because their vibrational densities of states
where X is a rare gas target. The first step is a strong- at any given total energy are smaller than those of the
ly inelastic collision in which sufficient energy is trans- respective electronic ground states. This simplifica-
ferred from the relative collision energy E,., into internal tion is central to the analysis since the species involved
energy of UF- so that the molecule is excited into its have many low-lying excited electronic states.
quasibound rovibrational levels above at least the first The restrictions on the angular momentum quantum
dissociation limit. The second step is the subsequent numbers J and I in Eq. (5) are determined as follows:
dissociation of the (UF;)* "complex." This description For the spherical top-atom channels (i = 1,2). once a
has meaning if the complex lifetime is greater than the value of X is chosen, the rotational energy Ert of the
collision time. The treatment here is concerned solely product spherical top can range from 0 to U - U0.,
with the spontaneous decomposition of (UF;)* molecules Since
with known internal energy U and angular momentum
quantum number J0 . We are able to calculate the (UF;)* Erot = B • J(J+ 1) (6)
decomposition frequencies and relative strengths for the for a spherical top where B is the rotational constant,
product channels, or branching ratios, as functions of the range of J is thereby defined. The range of L (if
U and J0 . We have not attempted to calculate the U and any) is defined by the triangle rule I J -J 0 1 - L -J + J0
J 0 distributions of (UF;)* species to be expected from and the Langevin (polarizability) restriction on L m. 14:
UFO -X collisions at known values of Er.1 involving UF;
molecules of initial U, J 0 distributions. Lma(L .. + 1)=), (U- Ert)/ 2

Excited UF; molecules can dissociate into three low- wher'e

lying product channels as illustrated in Fig. 1: = 23/2 pea 12/1ft/
i=1: (UF-O)* -UF-+ F, U0.,= 4.3*0.5 eV,

1and where pj =the reduced mass of the CID products. e

i=2: (UF;)*-UFs+F-, U0.,=4.7±0.3 eV , =electronic charge, and a=polarizability. For the elec-
tron detachment channel, only s and p electrons contrib-ute appreciably so that L =0, 1 and J=J0

± 1, where J0 is

where the U0.1 represent threshold internal energies and the (UF;)* angular momentum quantum number.
are taken from experimental sources. 2' 3 The expert- Necessary inputs for the calculations of k, are the
mental uncertainties in the U0.,, though large, are not threshold energies U0,1, 2.3 the harmonic oscillator fre-
all independent. The decomposition frequencies k(U,J 0 ) quencies, 3,20 rotational constants, 3 and symmetry num-
of (UF6)* molecules into product channels, i, can be ob- bers3 '.2 of UF-, UF., and UF5. and the dipole polariza-
tained conveniently from the statistical ("quasiequilibri- tions of UF and F The uncertainties in these param-
um") theory of Klots.14 For the case in which a molec- ters often severe.eForceaples f the pF

ula sperial or earsphricl) op issciaes nto eters are often severe. For example, some of the UF-
ular spherical (or near spherical) top dissociates into harmonic oscillator frequencies are obtained by assum -
a molecular spherical (or near spherical) top and an ing them to equal those of the isoelectronic species NpF6;
atom (or electron), Klots' expression for the decom- whereas the UF; frequencies are assumed to equal those
position frequency is of UF$. Thus, even if Eq. (5) were exactly correct, the

various calculated values of ki would be highly uncer-k(2J0+ 1)P pJ*(E,,b) tain. Once the k(U,J o) have been determined, the

branching ratios R, can be obtained from the formula

where h is Planck's constant; pl,7ug')* is the vibrational We have computed kAU, Jo), i = 1, 2, 3, numerically for
density of states of (UF;)* at vibrational energy E,,b; internal (UF;)* energies under 15 eV and a variety of
x, pflbi'jX), and J are the vibrational energy, vibrational angular momenta. Figure 9 depicts the k(U,J,= 0).
density of states, and rotational angular momentum The dissociation frequencies shown are strongly depen-
quantum number of the product spherical top molecule, dent on internal energy, ranging from less than 10' sec "

respectively; L is the orbital angular momentum quan- near threshold to 101 see" at 15 eV. Note that the de-
tum number of the products; and ae, is the ratio of tachment channel i correctly predicted to be a minor
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(2 tion of the experimental feature must be regarded as a

3 success of the theory. It stems from two facets of the
calculation. At lower energies the lower threshold en-
ergy of UF- + F production dominates; whereas, at higher
energies the higher polarizability of UF 5 (compared with

Wt F) results in more UF$ + F" states being "counted" in Eq.
0 (5). The absolute k 1/k 2 predictions, though tantalizingly

close to the experimental branching ratios for E,,t
= 0. 17U and any reasonable U distribution, should not be

o6 9 taken as seriously.
0

Finally, the theoretical results show that the threshold
for detachment is larger by several electron volts than

7 the threshold for CID. The transit time in the collision
chamber of the total cross section apparatus is - 1 psec.
Consequently, the value of k, for any channel must reach
5 106 sec' before products can be detected. Depending

5 7 9 11 13 on the amount of angular momentum possessed. by (UFe)*,
u (ev) the decomposition frequency for detachment reaches this

FIG. 9. Calculated decomposition frequencies k (U,J0 =O) are value at internal energies U of 1.5-3.0 eV in excess of
plotted as a function of the internal energy U for channels i = 1 the CID channels. If Eret is once again held fixed at 17%
(UF-; F), i= I' (VF;, F, allowing for secondary decomposition of U, the figure is - 2.75 eV. This is in good agreement
of tUF- i = 2 (1 F. + F'), and i = 3 (IF,; ' e). with the threshold experimental results depicted in Fig.

7 where CID onsets at a collision energy of 2-3 eV below
detachment.

one. The computed values of k(U.J 0 ) are also depen-

dent on J0 . Increasing JO tends to decrease the dissocia- V. SUMMARY
tion frequencies, especially near threshold.

Measurements of the absolute total cross sections for
To compare our theoretical and experimental results, collisional decomposition of UFj into its three lowest -

we have calculated the branching ratios R,. For all val- lying asymptotic channels have been made for collision
ues of angular momentum considered, R 3 (the detach- energies ranging from below threshold up to 500 eV
ment channel branching ratio) is : 0.01 and increases laboratory energy. The targets used in the experimental
with increasing energy. This is in qualitative agree-
ment with the experiment. However, the actual numeri-
cal values appear to be lower than experimental values
for any reasonably assumed internal energy distribu- 2 )2
tions of (UF;)*. The ratio of channel (1), UF5, to chan-
nel (2), (F ), products as a function of E,,, is a salient r-- 10"
feature of our experimental results. The theory can 5.3
"reproduce" this feature if it is reasonably assumed
that the (UFO)* rotational energy is a fixed percentage 8
of total internal energy. In Fig. 10(a), we have plotted -

calculated values of k,(U,Jo), assuming Er,, to be held 6 - 2.75V
fixed at 17% of the internal energy U. In Fig. 10(b) the - (a)
ratio klkt is then plotted against (UF-)* internal energy
with rotational energy E,0 t = 0. 17U. Note that the ratio O (
decreases strongly at energies just above threshold 08 (b)
(- 6 eW) and then levels off. The analogous experimen-
tal plot shows a similar dependence of a(UFj)/(F-) on 06
collision energy E,.. In this plot (Fig. 6) the leveling cr
off occurs at E,,j 15-20 eV. One would expect the plot 0.4
of the above ratio versus internal energy of (UFa-)* to be
sharper than Fig. 6, because the range of (UF')* inter- 0.2
nal energies for any collision energy will certainly lie
below E.j. The exact shape of the theoretical curve Is
a function of the percentage of total Internal energy of 5  6 7 8 9 10
(UF;)* assumed to be rotational energy. Still, for E,.t ukV)
equal to a variety of fixed percentages of U, the qualita-
tive feature remains: the ratio of UFj to F- products de- FIG. 10. (a) Calculated decomposition frequencies hi (U, J)

for EMt =0.17 U. See Fig. 9 for an explanation of the symbols.
creases with increasing U, at first sharply and then Note that for k ft 106 sec" , the internal energy necessary for
more slowly (until U - 9 eV where secondary decomposi- detachment is 2.7 a V greater than that for CID. (b) The branch-
tion of UFj occurs). Despite the wide uncertainties in ing ratio between channels (1) and (2) above a. a funtion of in-
the parameters used in the calculations, this reproduc- ternal energy for Em  = 0. 171.
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studies were the rare gases Ne, Ar, Kr, and Xe. In ad- by the U.S. Department of Energy, under Contract W-
dition, the product velocity spectra for one of the de- 7405-eng-26 with Union Carbide Corporttion (ORNL).
composition channels have been determined for the high-
est collision energies.
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